There is growing evidence that dilated cardiomyopathy may be a major cause of death in captive Livingstone's fruit bats (Pteropus livingstonii). Therefore, the primary aim of this prospective, exploratory study was to examine whether a systematic cardiac ultrasound protocol is feasible in this critically endangered species and to report basic measures of cardiac structure and function from a cohort of apparently healthy bats. A secondary aim was to test the effect posture (dorsal recumbency vs. roosting) has upon cardiac function in this species. Transthoracic echocardiograms, including 2D, Doppler, and tissue Doppler measures of cardiac structure and function were completed as part of routine health examinations for bats at a single center (n = 19). Bats were then grouped by age and disease status and the mean and range data reported for each group.
INTRODUCTION
As a direct result of the rapid deforestation of their native habitat 1, 2 Livingstone's fruit bats (P. livingstonii) have become critically endangered. 3 As part of the Species Action Plan 1,2 an ex situ captive breeding program was established in 1992 with 18 wild caught specimens. Individuals are currently held in captivity in three different European institutions, the Durrell Wildlife Conservation Trust, Bristol Zoo, and Lisieux Zoo. The breeding program has been relatively successful with a total 65 bats now living at the three centers. However, since 2012 11 bats (10 males) from these collections have died due to dilated cardiomyopathy. These animals presented with clinical signs including tachypnea, cheek puffing, and subcutaneous edema around the neck and head. Postmortem and histological examinations in these specimens reported findings consistent with dilated cardiomyopathy of an unknown etiology. 4 Understanding the etiology of this pathology and being able to identify those bats at risk early in the disease progression would help to direct the breeding programs while improving the care and quality of life of individuals.
In order to detect animals in the early stages of disease a clear understanding of normal cardiac anatomy and physiology is essential.
The aim of this study was, therefore, to determine whether a standardized echocardiographic protocol was feasible in this species and to provide initial reference data from an apparently healthy cohort of animals. As echocardiography is routinely conducted with animals in dorsal recumbency as opposed to the inverted roosting position adopted by resting Livingstone's fruit bats, the secondary aim of the study was to investigate the effects of posture upon cardiac structure and function in this species.
MATERIAL AND METHODS

Animals and veterinary procedure
The study was a prospective, exploratory design. Ethical approval undergoing clinical assessment. Individual bats were preselected for examination based on a primary requirement for a routine full health check and concerns regarding potential cardiac disease. Where a female bat was believed to be pregnant these were excluded from any catchups for examination. The bats were captured from their enclosure and transported to the veterinary department inside a cloth sack, during transportation the bats were maintained in the roosting position. Anesthesia was induced using sevoflurane (100% sevoflurane, SevoFlo, Abbot Laboratories, Maidenhead, SL64 XE, UK) delivered by mask, at 8% and a flow rate of 1.5 l of oxygen per minute. Anesthetic induction was considered complete once the bats were unresponsive to external tactile stimuli and complete muscle relaxation was present.
Sevoflurane delivery was continued by mask at 8% until intubation.
A single spray of 2% lidocaine (2 mg, 20 mg/ml lidocaine hydrochloride, Intubeaze, Dechra, Shrewsbury SY44AS, UK) was sprayed onto the larynx and intubation was then completed following a period of 5 min. During this interval a physical examination was completed, including blood sampling and measures of right radial length and body mass. Right radial length was measured along the medial aspect of the wing, with the elbow in flexion, from the most proximal point of the ulna to the most distal part of the carpus with digit one flexed medially. The bats were intubated using a 3 mm uncuffed endotracheal tube, a capnograph and esophageal and rectal temperature probes were also positioned. After intubation, the sevoflurane concentration was reduced to 4% while oxygen flow rate was maintained as previously described. To monitor anesthesia heart rate, respiratory rate, expired carbon dioxide, rectal and esophageal temperatures were observed by the same veterinary nurse at 5-min intervals during the procedure. All animals recovered from the anesthesia uneventfully and were returned to the enclosure once roosting ability was regained. In order to obtain the 4-chamber view, the probe was angled cranially with the cursor positioned to the right side of the animal ( Figure 2E ). 
Echocardiography techniques
Cardiac structural measurements
All data analyses were completed after animals had been recovered 
Cardiac functional measurements
Fractional shortening was calculated using the internal cavity dimensions measured in the parasternal long axis view ( Figure 2B ), via the formula LVIDd−LVIDs/LVIDd × 100 (Table 1) 
Statistical analyses
Statistical tests were selected and performed by one of the authors (A.D.), using commercially available software (Prism 7 for Windows software, Version 7.03). Bats were grouped according to age with bats under 2.5 years considered juvenile, 2.5-15 years adult, and >15 years considered aged bats. 1 Due to the relatively small sample size, the cardiac structure and functional data measured in dorsal recumbency were presented as mean and range intervals for each age group without further statistical analysis. As the healthy adult bats and aged bats had similar body mass and right radial lengths these bats were grouped in order to assess the effects of postural change. Data were assessed for normality using a Kolmogorov-Smirnov test and differences between the recumbent and roosting postures were assessed using a parametric paired T test, alpha was set at 0.05.
RESULTS
Of the 19 assessments completed, four animals presented with markedly different echocardiographic findings, and were therefore considered "abnormal" or "unhealthy." Three presented with a phenotype in line with the previously observed (clinically and on postmortem)
findings of dilated cardiomyopathy. 6 One young male showed marked right heart dilatation, right free wall hypertrophy and severe tricuspid regurgitation. The three bats with dilated cardiomyopathy phenotype were grouped, and the young male with right heart dilatation was excluded from further analysis. Table 2 summarizes the demographic and anesthetic data of the four groups. The subcohorts used for study comparisons were defined as healthy juvenile bats (n = 4), healthy adults (n = 6), healthy aged (n = 6), and bats with a phenotype of dilated cardiomyopathy (n = 3).
Cardiac structure
Based on the structural data (see Table 3 ), healthy bats presented with spherical hearts with concentrically remodeled left ventricles.
The three male bats with adverse remodeling had larger left ventricular internal dimensions with comparable wall thickness to the healthy bats (see Table 3 ). This resulted in lower relative wall thicknesses consistent with an eccentrically remodeled phenotype, thus supporting 
Cardiac function
Subjectively diastolic function appeared to decline with age with reductions in mitral E velocity, E/A ratio, and the average E' velocities across the three groups (see Table 4 ). However, both juvenile and aged bats appeared to have greater systolic function than adult bats. The six adult bats had a mean ejection fraction of 50%, mean stroke volume of 45.9 cl, and average S' of 0.04 cm/s, which was subjectively lower than that of the juvenile and aged bats (see Table 4 ). Juvenile and aged bats had a mean ejection fraction of 56% and 59%, mean stroke volume of 51.1 and 54.4 cl, and average S' of 0.05 respectively. The three bats with dilated cardiomyopathy showed a markedly lower fractional shortening, ejection fraction, and cardiac output in comparison to the healthy adult and aged bats (see Table 4 ).
TA B L E 3
Cardiac structural data measured in four groups of Livingstone's fruit bats (Pteropus livingstonii) positioned in dorsal recumbency: healthy juvenile bats
The influence of postural shift on cardiac structure and function
The majority of cardiac parameters measured in the group of healthy bats did not alter upon postural shift with the exception of heart rate, right atrial systolic area, and right ventricular A' velocity, which were all significantly reduced (P = 0.0074, 0.0099, and 0.0191, respectively) upon moving from the recumbent to the roosting posture ( Table 5) (Table 6 ).
DISCUSSION
To the authors' knowledge, this study is the first to describe a stan- 7 It has also been previously hypothesized that this phenotype, which in other species is associated with pathology, 8, 9 is physiologic and related to the increased oxygen demand required for flight in bats. 10 Bat flight is extremely uneconomical 11 and metabolically demanding. 7, 12, 13 It is therefore possible that the additional cardiac myofibrils aid cardiac output to meet the metabolic demand. 7, 11, 12 However, it is also possible that this hypertrophied phenotype is not physiologic. Captive bats fly considerably shorter distances and consume a different diet than their wild counterparts. 13 Indeed, some of the animals sampled in the Aortic regurgitation and gravitational demands placed upon the heart during prolonged roosting have been cited as potential mechanisms for this remodeling. 15, 16 In human and animal models, obesity and reduced physical activity levels have been linked to the development of concentric left ventricular hypertrophy, 17, 18 which has been identified as an early stage of pathological remodeling during the progression to heart failure. 19, 20 This hypertrophy is accompanied by a geometrical shift from an ellipsoid to a spherical shape similar to that of the bats in the present study. 21 The alteration in geometry in humans and animal models is thought to be principally driven by diffuse myocyte hypertrophy and increased interstitial collagen, which ultimately leads to eccentric remodeling and systolic impairment. 20 With such a small captive sample, it was not possible to differentiate between adaptations to the captive environment and potential cardiac disease caused by an underlying genetic substrate. Studies examining larger numbers of bats and including wild specimens would be required to address this question.
Cardiac phenotype in Livingstone's fruit bats
TA B LE 4 Cardiac functional data measured in four groups of Livingstone's fruit bats (Pteropus livingstonii) positioned in dorsal recumbency: healthy juvenile bats, healthy adults, healthy aged, and bats with a dilated cardiomyopathy
Responses to changes in posture
The secondary aim of this study was to examine if there was a postural effect upon cardiac structure and function due to the gravitational demands placed upon the heart while roosting. 
The influence of age upon cardiac function
As noted in other species, 23, 24 diastolic function has been reported to decline with age in Livingstone's fruit bats (P. livingstonii), probably as a result of myocardial stiffening. In the small population presented here, systolic function did not appear to decline with age. Adult bats had subjectively reduced systolic function when compared to juvenile and aged bats. However, sample sizes for the age sub-cohorts were too small for statistical comparisons to be valid. A larger cohort of bats, including adult females, would be needed to explain the cause for this subjective observation. It is possible that it could highlight the presence of subclinical disease in this group.
Limitations and future research
Although this study represents the largest sample in which echocardiographic assessments have been reported in fruit bats, we recog- 
